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Abstract In the paper we report on picosecond-laser bulk
microstructuring and stimulated Raman scattering (SRS)
in type IIa single-crystal diamond in the course of multi-
pulse irradiation at λ = 532 nm wavelength using an ad-
vanced ps-laser system equipped with additional setups for
on-line video imaging and photoluminescence spectra mea-
surements. The effect of crystal orientation (relative to the
incident laser beam) on (i) optical breakdown thresholds,
(ii) character of bulk modifications, and (iii) generation of
stimulated Raman scattering in diamond during irradiation
with picosecond pulses of different durations (τ1 = 10 ps
and τ2 = 44 ps) is studied. It is shown that the processes
of laser-induced breakdown in the bulk of diamond (at the
backside of the crystals) and bulk microstructure growth
are governed by the dielectric breakdown mechanism. It is
found that generation of high-order stimulated Raman scat-
tering in diamond crystals has a considerable effect on the
threshold of laser-induced breakdown and bulk microstruc-
turing. Conditions of the efficient SRS lasing are deter-
mined, depending on the pulse duration and the direction
([100] and [110]) of the laser beam incidence. A method
of local temperature measurements in the bulk of diamond
based on the Stokes-to-anti-Stokes intensity ratio in the
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recorded SRS spectra is proposed, its applicability to de-
termine a “pre-breakdown” temperature of diamond during
multipulse ps-laser irradiation is discussed.
1 Introduction
Bulk microstructuring of diamond crystals using ultrashort
pulse lasers is based on local structural modifications re-
sulting from laser-induced optical breakdown in the mate-
rial. In laser-induced breakdown of diamond, the process
of avalanche ionization was reported to dominate in pro-
ducing most of free electrons during irradiation with visi-
ble and near-infrared ultrashort pulses over the range from
a few tens of picoseconds to 120 fs [1, 2], similarly to the
laser-induced breakdown in other optically transparent ma-
terials [3, 4], while for UV ultrashort pulses the multipho-
ton absorption is the dominant process in generation of free
carriers [5]. It is the ultrafast free electron generation (by
avalanche or multiphoton ionization) and interaction of the
excited electron system with the lattice that result in struc-
tural changes and ultrafast phase transitions (graphitization)
in the bulk of diamond [6, 7]. There have been several ex-
perimental studies reported on the bulk microstructuring
of single-crystal diamond [8–16] which were mainly con-
cerned with fabrication of graphitized bulk microstructures
in diamond using femtosecond and picosecond lasers and
investigations of their properties, and these studies were ori-
ented to applications in photonics [8–10, 12] and diamond
gem marking [13, 14].
Recently, we reported two findings characteristic of
the bulk microstructuring of single-crystal diamond with
visible and UV picosecond pulses, namely, the crystallo-
graphic-plane dependent character of the structural modifi-
cations and appearance of the 3H luminescence in ps-laser-
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irradiated diamond [15, 16]. The effect of crystallographic
orientation is pronounced in that the ps-laser-induced phase
transformations are initiated along {111} planes known as
the planes of the lowest strength in diamond crystals [17].
Also such a behavior of laser-induced bulk modifications
was suggested [15] to be alike for ultrashort pulses of differ-
ent duration (in the range from 10 ps to 120 fs) that fol-
lows from a similar morphology of the bulk microstruc-
tures produced by femtosecond pulses [10, 11]. It is clear
that the crystallographic-plane dependence of bulk modifi-
cations in single-crystal diamond is an important factor in
microstructuring with ultrashort pulse lasers and its mech-
anism is based on the strength anisotropy of diamond, so
further studies are needed for deeper understanding of the
mechanism and gaining new knowledge of how to control
the microstructuring along the {111} planes. It should be
emphasized that herein we consider the laser-induced struc-
tural changes (graphitization, amorphization) which can oc-
cur in the bulk of diamond [18] and can lead to generation
of high internal stresses, which however do not exceed the
fracture strength of diamond and do not cause catastrophic
mechanical damage [16] of diamond single crystals.
Another point of interest in the experiments on pico-
second-laser interaction with type IIa single-crystal dia-
monds deals with generation of stimulated Raman scatter-
ing (SRS) and efficient conversion of the incident laser light
to Stokes and anti-Stokes radiation [19–23]. The studies of
the SRS in diamond have showed high potential of dia-
mond single-crystals (produced by chemical vapor deposi-
tion (CVD) technology) for development of Raman laser de-
vices; current achievements in the design and performance
of CVD-diamond Raman lasers are summarized in a recent
review paper by Mildren et al. [24].
The Raman scattering effects are the intrinsic proper-
ties of the material which are strongly pronounced during
multipulse irradiation at increasing laser intensities prior to
the laser-induced breakdown in the bulk of diamond, and
therefore they can give valuable information on the pre-
breakdown state of diamond under picosecond-laser irra-
diation. In the SRS process [25], the incident laser radia-
tion is the energy source and due to nonlinear coupling ef-
fects its energy is transferred to the Raman radiation and the
phonons, and also to higher order Stokes and anti-Stokes ra-
diations. Therefore, the energy balance in the laser-diamond
coupling is changing, that may affect the conditions of laser-
induced breakdown and bulk microstructuring. Secondly,
measurements of the SRS spectra during multipulse laser
irradiation can be applied to determine a local temperature
of diamond in the beam waist using the intensity ratio of
the Stokes to anti-Stokes lines [26, 27]. To determine the
temperature of a laser-irradiated microscopic region in the
bulk of transparent materials is really a difficult task, so ex-
perimental data is lacking except for one recent paper in
which an experimental approach is proposed for the temper-
ature measurements in the femtosecond-laser-irradiated dia-
mond using the pump-probe interferometric technique [28].
And finally, laser-induced bulk modifications can change the
Raman scattering efficiency and the resulting spectra that
were really observed in our previous experiments with UV
ps-laser when the formation of a bulk microstructure in dia-
mond resulted in dramatic changes in the SRS behavior [16].
Considering also the photoluminescence (PL) effects due to
various defect centers in diamond (NV luminescence, 3H lu-
minescence observed in the previous experiments [15, 16]),
the idea was to install a spectrophotometer into the experi-
mental setup and to monitor the ps-laser-induced PL spectra
in the course of multipulse irradiation in the bulk of dia-
mond.
In the paper we report on picosecond-laser bulk mi-
crostructuring and stimulated Raman scattering in CVD
single-crystal diamond during multipulse irradiation at
λ = 532 nm wavelength. In the studies we focus on the
following interrelated tasks: (i) effect of the crystal orien-
tation (relative to the direction of the incident laser beam)
on the character of bulk modifications, laser-induced break-
down thresholds (thresholds of microstructure formation)
and SRS lasing in diamond, (ii) effect of the pulse duration
(τ1 = 10 ps and τ2 = 44 ps) on the laser-induced breakdown
thresholds and generation of high-order Stokes and anti-
Stokes radiations, (iii) estimation of the local temperature
of ps-laser-irradiated regions in the bulk of diamond based
on the Stokes to anti-Stokes intensity ratios in the spectra,
and the efficiency of energy conversion of the incident laser
light to the backscattered Raman radiation.
2 Experimental details
The bulk modification/microstructuring of diamond was car-
ried out using a picosecond MOPA (master-oscillator power-
amplifier) laser system—the DUETTOTM laser system [29],
which has demonstrated excellent performance in micro-
processing of metals and dielectric materials [30]. This
picosecond-laser system generates pulses of 10 ps duration,
the repetition rate can be varied between 50 kHz and 1 MHz,
and the maximum average power is 10 W. The beam quality
is M2 < 1.3.
Type IIa CVD single-crystal diamond plates of 6.0 mm ×
1.34 mm × 1.26 mm size (length × width × thickness),
with mechanically polished {100} growth faces and {110}
side faces, nitrogen content [N] < 1 ppm (from Element Six
Ltd [31]), were used as the samples for ps-laser microstruc-
turing. The CVD diamond single-crystals are characterized
by high crystalline and optical quality, as reported elsewhere
[32, 33].
The experimental setup for ps-laser bulk microstructur-
ing and observation of stimulated Raman effects in diamond
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Fig. 1 Experimental setup for ps-laser microstructuring of diamond
crystals, equipped with a video imaging system and photolumines-
cence (PL) measuring setup
crystals is shown schematically in Fig. 1. As a laser source,
we used the second laser harmonic of the DUETTO sys-
tem which generates picosecond pulses at the wavelength
λ0 = 532 nm. In our studies of the ps-laser-induced SRS
lasing two pulse durations (τ1 = 10 ps and τ2 = 44 ps)
were used, both values being larger than the phonon lifetime
(τR = 6.8 ps [34]) in diamond. The longer pulse duration of
44 ps was realized by introducing an etalon into the seed
laser of the DUETTO system. The laser pulse energy was in
the range of ε = 0.2 µJ to ε = 5 µJ; the pulse repetition rate
was f = 50 kHz (in some experiments it was varied from
50 to 300 kHz, and from 50 down to 5 kHz). A laser beam
was focused using a galvo-scanner equipped with a 100-mm
f –θ objective, the laser beam radius in the focal plane of the
objective was wo = 7 µm.
A video imaging system (model “Digital viewer GE-
5”) was applied for real-time observation of the appearance
and growth of a laser-modified region in the bulk of dia-
mond in the course of multipulse irradiation, as described
and demonstrated elsewhere [15]. In the experiments, the
laser beam was focused through a diamond plate either to
the rear side of the plate or 0.5–0.8 mm beyond the crystal.
Focusing the laser beam to the backside interface provides
lower threshold values of the optical breakdown than that
in the bulk of diamond due to interference of incident and
reflected light waves at the back interface [1, 35]. Also this
makes bulk microstructure formation and growth more re-
producible and enables us to have access (from the back side
of the diamond plate) to laser-modified diamond for struc-
tural investigations using Raman and PL spectroscopy tech-
niques [15, 16]. The latter focusing conditions were aimed
at increasing pulse energy and average power of the inci-
dent laser beam (avoiding the laser-induced breakdown at
the backside surface) in the course of SRS measurements.
The sample translation velocity (in the direction of a laser
beam) was Vz = 0 in all tests, i.e. the focus position was
fixed, so the growth of a bulk ‘graphitized’ microstructure
from the rear side towards the laser beam was controlled by
the laser intensity and the conditions of the ionization wave
propagation in the bulk of diamond, as was discussed else-
where [2].
In addition, a PL measurement setup has been installed
into the experimental setup of bulk microstructuring in order
to monitor the ps-laser-induced PL spectra in the course of
multipulse irradiation and structure modification in the bulk
of diamond. We call the measured spectra as PL spectra,
implying that all ps-laser-induced processes of light emis-
sion and scattering in diamond (NV luminescence, Raman
emission/scattering, and Rayleigh scattering) are registered.
Emitted/scattered light is collected with a lens (normally
to the laser beam) and is sent through a notch filter to a
USB650 Red Tide Spectrometer to obtain a PL spectrum of
a local volume in the bulk of the crystal. The Red Tide is a
small-footprint lab spectrometer; it has a wavelength range
of 350–1000 nm, and utilizes a detector with 650 active pix-
els (i.e. one data point per nanometer), and offers ∼2.0 nm
optical resolution [36].
3 Results and discussion
3.1 Picosecond-laser-induced breakdown in diamond
during multipulse irradiation
In the experiments of ps-laser bulk microstructuring, irradi-
ation conditions were defined by (i) focusing a laser beam
through a diamond plate to the rear side of the plate, (ii) the
pulse repetition rate of f = 50 kHz, and (iii) the sample
translation velocity Vz = 0 in the direction of a laser beam
(i.e. position of the focal plane was fixed at the backside of
diamond plates). The value of the pulse energy (or incident
laser fluence) corresponding to the microstructure formation
at the back side of the sample was determined as a bulk mi-
crostructuring threshold (εth) which was dependent on other
irradiation parameters, particularly, the pulse duration and
crystal orientation (to be discussed below). As mentioned
above, the true threshold values of laser fluence/intensity (or
breakdown field strength) corresponding to initiation of the
optical breakdown at the back side surface should be higher
than the εth values due to interference of incident and re-
flected light waves at the back interface [1, 35].
The growth of a bulk “graphitized” microstructure from
the rear side towards the laser beam is controlled by the
pulse energy, as was discussed in our previous papers on
femtosecond laser microstructuring in the bulk of diamond
[2, 10]. A similar dependence of the growth rates on the
pulse energy was observed for bulk microstructuring with
ps-laser [15]. Under the conditions of ε ≥ εth and Vz = 0,
the microstructure grows from the backside surface (z = 0)
to a certain distance z = z∗(ε) in the bulk of the diamond
crystal, the resulting length of the microstructure being de-
pendent on the pulse energy. Figure 2 shows an optical
microscopy image of bulk microstructures fabricated in a
1.34-mm-thick diamond plate by 10-ps pulses of different
energies from ε = 0.5 µJ to ε = 2.0 µJ at f = 50 kHz, which
evidences that the length increases with the pulse energy.
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Fig. 2 (a) Optical image of bulk microstructures fabricated in a
1.34-mm-thick diamond plate by ps-laser irradiation (λ = 532 nm,
τ = 10 ps) at different pulse energies of ε = 0.5, 0.7, 0.6, 0.8,
1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 µJ (from left to right), f = 50 kHz,
Vz = 0; the laser beam incidence along [110] direction. (b) De-
pendence of the length z∗(ε) of bulk microstructures on the pulse
energy (squares), and calculated breakdown field strength (circles)
Ebreak ∝ [ε/(1 + (z∗/zR)2)]1/2 at the tip of each microstructure (see
text for details)
For the data in Fig. 2, the laser beam incidence was along
[110] direction, and the bulk microstructuring threshold was
εth = 0.5 µJ.
The process of the laser-induced structure growth can be
considered as a “self-supported” propagation of the ioniza-
tion and structure transformation (“graphitization”) waves
into the bulk of diamond unless it stops at a distance
z = z∗(ε). The mechanism of such a propagating optical
breakdown implies that multipulse irradiation of a local
laser-damaged (graphitized) region leads to ionization of de-
fect/impurity states and injection of the seed electrons into
a neighboring undamaged region (e.g. via ballistic move-
ment, hot electron diffusion [2]) for the avalanche ioniza-
tion and structure transformation to occur. So the graphitized
microstructure continues to grow into the bulk of diamond
unless the local laser intensity at the front of the growing
structure becomes less a certain threshold value required for
optical breakdown. It is logical to expect that the threshold
laser intensity (or breakdown field strength) should be the
same at the tip (i.e. at z = z∗(ε)) of each microstructure pro-
duced at different pulse energies in the range from ε = 0.5 µJ
to ε = 2.0 µJ.
In our estimation of the threshold laser intensity and
breakdown field strength at z = z∗(ε), we use standard ex-
pressions for the Gaussian beam intensity distribution and
beam parameters (beam width, Rayleigh length), taking into
account the beam quality of M2 < 1.3.
The intensity distribution along the beam axis is given by
the expression
I (z) = I0
[
w0/w(z)
]2
, (1)
where I0 is the intensity at the center of the beam at its waist,
w0 is the focal spot radius, and w(z) is the beam width as a
function of the axial distance z.
The variation of the beam width w(z) along the beam
axis is given by
w(z) = w0
[
1 + (z/zR)2
]1/2
, (2)
where zR is the Rayleigh length (for free space, zR =
πw20/λ). In diamond, the depth of focus is increased by a
factor of n = 2.4, so for the experimental conditions used
during bulk microstructuring the Rayleigh length is
zR = n
(
πw20/M
2λ
) (3)
For λ = 532 nm and w0 = 7 µm, the Rayleigh length is
zR = 534 µm.
Then, replacing I0 in (1) by I0 ≈ ε(1 − R)/πw20τ
(R = 0.17, R is the reflection from the front surface,
τ = 10 ps), we obtain the following expressions for esti-
mation of the threshold laser intensity (Ith) and breakdown
field strength (Ebreak) at the tip of each microstructure at
z = z∗(ε):
Ith
(
z∗(ε)
) = Aε/[1 + (z∗/zR
)2]
, (4)
Ebreak(z
∗(ε)) = (IthZ0/n)1/2[1], (5)
where ε is taken in µJ (in the range from 0.5 to 2.0 µJ),
A = 5.65 × 1010 W/cm2, and Z0 = 377  is the free-space
impedance.
Two dependences are plotted in Fig. 2b: (1) the de-
pendence of the structure length (z∗) on the pulse energy
(the length is determined from Fig. 2a), and (2) the depen-
dence of the breakdown field strength on the pulse energy as
Ebreak ∝ [ε/(1+ (z∗/zR)2)]1/2. It is seen that Ebreak = const
at the tip of each microstructure formed in the bulk of di-
amond. This important result underlines that the dielectric
breakdown mechanism is the main mechanism governing
the picosecond-laser-induced optical breakdown and bulk
modifications of diamond during multipulse irradiation.
Effect of crystal orientation on picosecond-laser bulk microstructuring and Raman lasing in diamond 1313
From (4) and (5), the estimation of the threshold laser
intensity and breakdown field strength gives the values of
Ith = 17 GW/cm2 and Ebreak = 1.6 MV/cm, which are ap-
preciably lower than the breakdown thresholds previously
reported [1]. The fact of lowering of the optical breakdown
thresholds ensues from the discussed-above mechanism of
the “self-supported” structure growth towards the laser beam
during multipulse irradiation. The presence of a local laser-
modified region in the bulk promotes the generation and
injection of the seed electrons into an undamaged region
for the electron avalanche, which lowers the optical damage
threshold compared to that of the original, defect-free dia-
mond. That is, if a local defect region is intentionally formed
in the bulk of diamond, it may serve as a starting point of a
three-dimensional microstructuring of the diamond crystal
at laser intensities which can be much lower than the intrin-
sic breakdown threshold of the material.
3.2 Effect of crystallographic orientation on the character
of bulk modifications and ps-laser-induced Raman
scattering
In all previous experiments on the bulk microstructuring of
diamond crystals with visible and near-infrared ultra-short
laser pulses [2, 10–12, 15] a laser beam was incident nor-
mally to the polished {100} top faces. Under the [100]
beam incidence, laser-induced structural modifications in
the bulk were shown to propagate preferably along {111}
planes [15]. These bulk modifications were more distinctly
pronounced during UV ps-laser microstructuring of dia-
mond [16]. In addition, the experiments with UV ps-laser
(λ = 355 nm) have demonstrated that the direction of the
laser beam incidence relative to a given crystallographic di-
rection (〈100〉 or 〈110〉) in the diamond plates influences the
crystallographic-plane dependent character of bulk modifi-
cations [16].
In this paper we focus on the effects of the laser beam
incidence (along [100] or [110] direction) on the forma-
tion and morphology of bulk microstructures and generation
of stimulated Raman emission during multipulse irradiation
with visible picosecond pulses. Figure 3 compares the mor-
phology of two bulk microstructures produced at the same
laser irradiation parameters (irradiation with 10-ps pulses
of ε = 1 µJ, f = 50 kHz, P = 50 mW) and two different
crystal directions, [100] and [110], of the laser beam inci-
dence. A left image of each couple (a, b and c, d) in Fig. 3
is related to a local region in the bulk (at about several hun-
dred microns from the backside surface) and a right image
is that of the tip of the microstructure located at ∼800 µm
from the backside (as seen from Fig. 2). It is interesting to
note that the crystallographic-plane dependent character of
the bulk modifications is most clearly pronounced in the re-
gions close to the tips of microstructures where the laser in-
tensity and local temperature are the lowest ones and the
Fig. 3 Schematic view of two irradiation regimes with the laser beam
incidence along the [100] and [110] directions, and optical images of
the bulk microstructures fabricated at ε = 1 µJ and f = 50 kHz; (a, b)
Two regions of the microstructure produced at the [100] beam direc-
tion, and (c, d) two regions of the microstructure produced at the [110]
beam direction
laser-induced optical breakdown is controlled by the elec-
tric field strength (shown in Fig. 2 and discussed above).
As follows from Fig. 3, changing the direction of the laser
beam incidence (from [100] to [110]) strongly influences the
microstructure formation in the bulk of diamond. Assuming
the structure transformation to start along the {111} planes
[15], it is however difficult to answer which of the {111}
planes are involved in constructing the optical images shown
in Fig. 3. If, for instance, we consider an unpolarized laser
beam incident onto the cube face (001), then the four {111}
planes the beam irradiates are to be equivalent, but viewing
the microstructure from the [110] direction makes “visible”
only two of the {111} planes, i.e. (111) and (1¯1¯1), and not
observable two other planes (11¯1) and (1¯11). The bulk mi-
crostructures produced along the [110] direction are viewed
from the [001] direction, that makes the process and mech-
anism of bulk modifications less evident than that for the
[001] beam incidence. So the data of viewing from other di-
rections is needed to get a true 3D image of the produced
microstructures and to determine contribution of the {111}
planes to the optical contrast observed, and to clarify the
effect of laser beam incidence on crystallographic-plane de-
pendent bulk modifications in single-crystal diamond.
For both the [100] and [110] directions of the beam in-
cidence, the threshold of the bulk microstructure formation
at the backside surface was determined to be practically the
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same and equal to εth = 0.5 µJ, which corresponds to irradia-
tion with 10-ps pulses at f = 50 kHz and focusing the laser
beam to the rear side of the sample. For Raman scattering
measurements, the laser beam was focused 0.5–0.8 mm be-
yond the crystal, which enabled us to increase the laser beam
size, the pulse energy and average power of the incident laser
radiation, and therefore the scattering cross section and Ra-
man signal intensity, with the laser intensities being lower
the threshold of optical breakdown at the backside surface.
PL spectra measured during multipulse irradiation at the
beam incidence along [100] direction and different laser
powers from 50 to 750 mW are displayed in Fig. 4. All
the spectra contain (i) a low-intensity peak of the scattered
laser light at λ0 = 532 nm (due to very low transmission
of a notch filter at λ0 = 532 nm), (ii) a broad band of the
NV luminescence [37] in the spectral range 550–750 nm,
and (iii) a Raman line (first Stokes line) at the wavelength
λ1S = 572.6 nm. The 1st Stokes line intensity increases lin-
early with the laser power (as well as other spectral lines),
which is typical of the spontaneous Raman scattering in di-
amond [19].
It is known that the Raman scattering efficiency is depen-
dent on crystal orientation, the analysis of its dependence
on incident and Stokes beam polarizations for several beam
directions in diamond single crystals is given in Ref. [33].
In our experiments with an unpolarized laser beam, the ef-
fect of crystal orientation on the Raman lasing behavior was
also observed (and most strongly pronounced for longer ps
pulses). Figure 5 shows a PL spectrum recorded during ps-
laser irradiation at the [110] beam incidence and pulse en-
ergy of ε = 3 µJ (f = 50 kHz, P = 150 mW) before the mi-
crostructure formation at the back side of the sample. One
can see from Fig. 5 that the 1st Stokes intensity exhibits a
nonlinear increase with laser power at P > 100 mW (shown
in the inset in Fig. 5) and that the 1st anti-Stokes and 2nd
Stokes lines have appeared in the spectrum, which are in-
dicative of generation of the SRS in the diamond crystal.
During ps-laser irradiation a local volume of ∼200 µm
size in the bulk was probed to get the resulting PL spectra (in
the current experiments it was located around the laser beam
at 0.4–0.5 mm from the back side of the sample). So using
the PL setup integrated into the ps-laser system makes it pos-
sible to determine (estimate) the temperature of local laser-
irradiated regions in the bulk of diamond, based on the in-
tensity ratio of the 1st Stokes line to the 1st anti-Stokes line
in the recorded spectrum. The application of Raman scatter-
ing spectroscopy for noncontact temperature measurements
of diamond and other materials was reported elsewhere [26,
27, 38, 39], but the procedure was demonstrated for the sam-
ples uniformly heated to high temperatures rather than for
local microscopic regions in the bulk of a transparent mate-
rial.
Fig. 4 PL spectra measured during ps-laser multipulse irradiation at
different laser powers ranged from 50 mW to 750 mW. Pulse duration
is τ1 = 10 ps, laser beam incidence is along [100] direction, focus po-
sition is 0.8 mm beyond the diamond plate; λ0 = 532 nm is the laser
wavelength, λ1S = 572.6 nm is the 1st Stokes wavelength. An inset
shows the dependence of the intensity of the 1st Stokes line on the
laser power
Fig. 5 PL spectrum measured during ps-laser irradiation at
ε = 3 µJ/f = 50 kHz/P = 150 mW before microstructure forma-
tion. Pulse duration is τ1 = 10 ps, laser beam incidence is along
[110] direction, focus position is 0.5 mm beyond the diamond plate;
λ1S = 572.6 nm, λ2S = 620 nm, and λ1AS = 496.8 nm are the 1st
Stokes, 2nd Stokes, and 1st anti-Stokes wavelengths. An inset shows
the dependence of the intensity of the 1st Stokes line on laser power
for [110] and [100] beam directions
The ratio of intensities of the 1st Stokes (IS) and the 1st
anti-Stokes (IAS) lines is determined [26, 27] as
IS
IAS
=
(
ν0 − νp
ν0 + νp
)4
e(hνp/kT ) (6)
where ν0 is the laser frequency, νp is the phonon frequency,
T is the temperature of a local laser-irradiated region in the
bulk, and h and k are the Planck and Boltzmann constants.
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For the laser wavelength λ0 = 532 nm and laser frequency
ν0 = 18797 cm−1, phonon frequency νp = 1332 cm−1 and
the ratio IS/IAS = 24 (from the PL spectrum in Fig. 5), we
obtain T = 511 K. This estimated value is related to the bulk
local temperature at about 0.4–0.5 mm away from the back
side where the laser breakdown occurs during continuing ir-
radiation with 10-ps pulses at ε = 3 µJ/f = 50 kHz/P =
150 mW (i.e. conditions of measurements of the PL spec-
trum in Fig. 5). Further testing of the PL measurement pro-
cedure (e.g. to check if the PL spectra and intensity ra-
tio IS/IAS change along the beam axis) and modeling of
bulk heating with high-repetition rate ps-lasers are needed to
verify the applicability of the proposed technique for local
temperature measurements, as compared with other meth-
ods reported for diamond and other transparent materials
[28, 40, 41].
3.3 Effects of crystal orientation and pulse duration on the
SRS lasing and ps-laser-induced breakdown in
diamond
In this section we report on using longer picosecond pulses,
of 44 ps duration, to study the effects of crystal orientation
on the bulk microstructuring and stimulated Raman scatter-
ing in diamond. Figure 6 and Table 1 present comparative
data of the thresholds of bulk microstructure formation for
the [100] and [110] beam directions. Three important results
follows from the presented data.
First, the threshold values of the laser-induced break-
down and microstructure formation (at the back interface)
for the [100] beam direction agree with the scaling law of the
fluence breakdown threshold εth ∝ (τ )1/2 valid for the pulse
durations τ ≥ 10 ps [3]. Second, the breakdown thresholds
for the [110] beam direction are considerably larger (on av-
erage, by a factor of 3) than those for the [100] beam inci-
dence. These threshold values do not follow the scaling law
εth ∝ (τ )1/2, though the breakdown thresholds during multi-
pulse irradiation with 10-ps pulses were practically the same
for both the [100] and [110] beam directions, i.e. εth ≈ 0.5 µJ
(for τ1 = 10 ps and wo = 7 µm). And third, a large scatter in
the threshold values was observed.
The observed difference in the breakdown thresholds for
two crystal orientations correlates with a very different be-
havior of the SRS generation and will be discussed below.
The large scatter in the threshold data can be attributed to
dependence of the breakdown threshold on the presence
of seed electrons for the avalanche process [4]. For high-
quality CVD diamond crystals with very low concentra-
tion of impurities it makes very probable that small changes
in the number of seed electrons in the focal volume can
strongly influence the process of avalanche ionization and
therefore lead to a large scatter in the breakdown thresholds
at different bulk regions in the crystal.
Fig. 6 Bulk microstructures produced with 44-ps pulses at the [100]
beam direction (structures 1 and 2 from left to right) (a) and at [110]
beam direction (structures 1, 2, and 3 from left to right) (b); thresholds
of bulk microstructure formation for two pulse durations τ1 = 10 ps
and τ2 = 44 ps and two beam directions (c)
Table 1 Data of the thresholds of bulk microstructure formation dur-
ing multipulse irradiation with 44-ps pulses at the [100] and [110]
beam directions and f = 50 kHz. The microstructures are shown in
Fig. 6(a, b). The plate thickness for the [100] direction is 1.26 mm and
for the [110] direction is 1.34 mm
Structure No. Beam
direction
εth,
µJ
Structure length,
mm
Structure 1 [100] 1.5 1.14
Structure 2 [100] 1.0 0.86
Structure 1 [110] 3.6 1.34
Structure 2 [110] 2.0 1.3
Structure 3 [110] 5.0 1.34
PL spectra measured during 44-ps-laser irradiation of the
diamond (100) and (110) faces are shown in Figs. 7 and 8.
For the [100] beam direction (Fig. 7), an intense 1st Stokes
line at λ1S = 572.6 nm and very weak signals of the 1st anti-
Stokes and 2nd Stokes components are generated at the in-
cident laser intensities close (but lower) to the breakdown
threshold and microstructure formation at the back side of
the plate.
For the [110] beam direction (Fig. 8), the SRS lasing
is much more efficient which is pronounced in generation
of high-order Stokes and anti-Stokes radiation of high in-
tensity. Particularly, the 1st, 2nd and 3rd Stokes, the 1st
and 2nd anti-Stokes lines are generated at the wavelengths
λ1S = 572.6 nm, λ2S = 620 nm, λ3S = 675.6 nm, λ1AS =
496.8 nm and λ2AS = 466 nm, respectively. It should be
noted that the Red Tide Spectrometer is characterized by
saturation at about 4000 a.u., so the PL spectra (in Fig. 8)
are presented, first of all, to show considerably increased in-
tensities of the Stokes and anti-Stokes lines rather than most
intense 1st Stoke radiation. Figure 8b summarizes the data
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Fig. 7 PL spectrum measured during 44-ps-laser irradiation of di-
amond at the [100] beam direction and ε = 2.6 µJ/f = 50 kHz/
P = 130 mW (before bulk damage at εth = 2.8 µJ); focus position is
0.5 mm beyond the sample
of the PL spectra recorded for the structures 1 and 3 (i.e.
before the structure formation, see Fig. 6b and Table 1) dur-
ing irradiation at [110] beam direction and demonstrates the
SRS lasing behavior with increasing laser power.
The observed difference in the SRS lasing during ps-laser
irradiation at the [110] beam direction and two pulse dura-
tions τ1 = 10 ps and τ2 = 44 ps (compare SRS spectra in
Fig. 5 and Fig. 8) is supposed to be caused by the transient
behavior of the SRS for τ1 = 10 ps which results in an in-
crease of the SRS threshold [42].
As soon as the laser breakdown occurs and graphitized
structure is formed in the bulk or through the diamond plate
(see Fig. 6, a and b), PL spectra are strongly changed as
compared to those measured prior to the laser damage and
structure formation. Such changes in the PL spectra were
observed in the course of irradiation with 44-ps pulses at
ε = 3.6 µJ/f = 50 kHz/P = 180 mW (structure 1 formed
along the [110] direction); the PL spectra obtained before
and after the microstructure formation are shown in Fig. 9a.
After the structure formation there is no more high-order
Stokes and anti-Stokes lines present in the PL spectrum.
Only a very weak signal of the first-order Raman line is
observed due to the Raman scattering in the regions sur-
rounding the bulk microstructure formed (excited by low-
intensity edges of the incident Gaussian beam). At the same
time, the integral intensity of the NV luminescence is greatly
enhanced (especially, if we take into account that the inten-
sity of the exciting laser beam is strongly decreased) and the
appearance of the [N–V]− peak at λ = 637 nm is clearly
observed. The latter fact indicates that the NV defects are
charged presumably as a result of diffusion of free electrons
generated in the avalanche ionization process.
The data of Fig. 8b were used to estimate the local tem-
perature in the bulk (in a 200-µm-size region on the beam
Fig. 8 (a) PL spectrum measured during 44-ps-laser irradiation of
diamond at the [110] beam direction and ε = 4.5 µJ/f = 50 kHz/
P = 225 mW (structure 3, before bulk damage at εth = 5 µJ);
λ0 = 532 nm is the laser wavelength, λ1S = 572.6 nm, λ2S = 620 nm,
λ3S = 675.6 nm, λ1AS = 496.8 nm, λ2AS = 466 nm are the gener-
ated high-order Stokes and anti-Stokes wavelengths. (b) Intensities of
the Stokes and anti-Stokes lines in the PL spectra measured before
bulk damage at εth = 3.6 µJ (structure 1) and εth = 5 µJ (structure 3).
Dashed lines show the saturation value of the spectrometer
axis at about 0.5 mm from the back side) and its changes
with increasing laser power, based on the calculation of the
intensity ratio IS/IAS (6) of the 1st Stokes and 1st anti-
Stokes lines in the PL spectra. The temperature vs. laser
power dependence is presented in Fig. 9b, it is related to
44-ps-laser irradiation at the [110] direction and laser pow-
ers P ≤ 120 mW lower than the breakdown threshold εth =
3.6 µJ/f = 50 kHz/Pth = 180 mW (structure 1). Acquisi-
tion of the temperature data from the IS/IAS ratio is limited
to the power range of P ≤ 120 mW because at P > 120 mW
the 1st Stokes intensities are very high, reaching the spec-
trometer saturation and so making the determined IS/IAS
values incorrect.
It seen from Fig. 9b that the temperature rises with inci-
dent laser power to the value of T = 750 K (at P = 120 mW).
With regard to the breakdown temperature, i.e. the temper-
ature determined at Pth = 180 mW from a PL spectrum of
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Fig. 9 (a) PL spectra measured during 44-ps-laser irradiation of di-
amond at the [110] beam direction and ε = 3.6 µJ/f = 50 kHz/
P = 180 mW before and after the bulk microstructure formation
(structure 1); λ0 = 532 nm is the laser wavelength, λ1S = 572.6 nm,
λ2S = 620 nm, λ3S = 675.6 nm, λ1AS = 496.8 nm, λ2AS = 466 nm are
the generated Stokes and anti-Stokes wavelengths. (b) Temperature of
a local laser-irradiated region in the bulk determined from the Stokes–
to-anti-Stokes intensity ratio I1S/I1AS (from the data of Fig. 8b)
a bulk region close to the back interface, the value of T =
750 K seems to be appreciably underestimated. So the issues
of accuracy and validity of temperature measurements using
the proposed PL/Raman technique are important and require
further investigations. The Raman spectroscopy technique
enables a “self-calibration” of the temperature to be made
by measuring the temperature-dependent shift of the first-
order Raman line (the frequency decreases from 1332 cm−1
at room temperature to 1318 cm−1 at T = 1000 K [27]), but
the spectral resolution of the Red Tide spectrometer used
is not sufficient for this purpose. Nevertheless, the data of
Fig. 9b are very important as they determine the lower limit
of temperature in the focal volume (T > 750 K) and ev-
idence the significant role of thermal effects in SRS pro-
cesses induced by multipulse ps-laser irradiation.
The SRS data in Fig. 8 show that the generated 1st Stokes
radiation at λ1S = 572.6 nm is the most intense one in the PL
Fig. 10 Dependence of the Stokes power on the laser power; power
measurements were done during 44-ps-laser irradiation of diamond at
the [110] beam direction simultaneously with the PL spectra measure-
ments (data of the structure 3 in Fig. 8)
spectra measured. This “yellow” Raman beam was found to
be readily observed in the backward direction and the power
of the backscattered Raman radiation was measured using
a power meter placed behind a deflecting mirror as shown
schematically in Fig. 1. The measurements were carried out
during 44-ps-laser irradiation at the [110] direction simulta-
neously with the PL spectra measurements (see SRS data for
structure 3 in Fig. 8). The dependence of the Stokes power
on the laser power is shown in Fig. 10. The optical losses
for the backscattered Raman beam (passing through Galvo
scanner and deflecting mirror) are not known in the partic-
ular experimental scheme, so the obtained value of 10 % is
considered as the lower limit of the conversion efficiency
from the incident laser light to the backscattered Stokes ra-
diation.
Taking into account the forward-backward asymmetry in
the Stokes generation (i.e. forward-backward intensity ratio
>1) [25] and also the energy transfer to higher order Stokes
and anti-Stokes radiation, it can be concluded that the in-
cident laser power is strongly depleted during the SRS las-
ing induced by 44-ps-laser irradiation at the [110] direction
(shown in Figs. 8–9). The laser power depletion is thought
to be a main reason of the significantly higher breakdown
thresholds observed for the [110] direction as compared to
the [100] direction.
4 Conclusions
Among the observed effects of the crystal orientation (the
beam direction) and pulse duration on the bulk microstruc-
turing and SRS lasing in single-crystal diamond, the follow-
ing results are of interest and importance.
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The analysis of the “length-on-pulse energy” dependence
for bulk microstructures has surprisingly confirmed the fact
of the constant breakdown field strength (Ebreak = const) at
the tips of the microstructures and evidenced the dominant
mechanism in the processes of optical breakdown and bulk
microstructuring of diamond during multipulse ps-laser ir-
radiation.
It is found that the breakdown thresholds follow the
known scaling law of ps-laser-induced damage in opti-
cal materials (i.e. threshold fluence scales as ∼(τ )1/2 for
the pulse durations τ ≥ 10 ps), unless efficient high-order
Stokes and anti-Stokes Raman lasing occurs in the crys-
tal. This situation was found to take place for longer pulses
(τ2 = 44 ps) and the beam direction [110], when the break-
down thresholds for the [110] beam direction proved to be
∼3 times the thresholds for the [100] direction. It is some-
what paradoxical that the higher is the efficiency of SRS las-
ing in diamond, the larger is the threshold of laser-damage
in the bulk of diamond. This fact is a result of nonlinear cou-
pling effects leading to laser power depletion, and it seems
to be advantageous for diamond Raman laser applications.
Changing the direction of the laser beam incidence (from
[100] to [110]) strongly influences the formation and mor-
phology of bulk microstructures. Assuming the structure
transformation to start along the {111} planes [15], it is
however problematic to determine (based on the microscopy
images obtained) contribution of each of {111} planes to
the optical contrast observed, and to clarify the effect of the
beam direction on crystallographic-plane-dependent bulk
modifications in single-crystal diamond.
A method of local temperature measurements in the bulk
of diamond based on the Stokes to anti-Stokes intensity ratio
in the recorded SRS spectra is proposed. Preliminary data
obtained with this method have showed the lower limit of
temperature in the focal volume (T > 750 K) and evidenced
the significant role of thermal effects in the SRS processes
induced by multipulse ps-laser irradiation. Further investiga-
tions are needed to verify the applicability of the proposed
PL/Raman technique for local temperature measurements in
the bulk of diamond during multipulse irradiation.
The proposed experimental technique of combining an
advance ps-laser system with a PL measuring setup has
proved to be a very useful one for comprehensive study
of ps-laser-induced processes in the bulk of diamond sin-
gle crystals, including stimulated Raman scattering effects
occurring at the “pre-breakdown” intensities and its inter-
relation with laser-induced bulk modifications occurring at
and upon the breakdown.
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